We investigated the hypothesis that the varying treatment efficacy of adjuvant 5-fluorouracil (5FU) in stage III colon cancer is linked to the TP53 mutational status. ABCSG-90 was a prospective randomized trial in which effect of adjuvant 5FU was studied in stage III colon cancer patients. Tumor material of 70% of these patients (389/572) was available for analysis of the biomarker TP53 using a TP53-gene-specific Sanger sequencing protocol. Median follow-up was 88 months. TP53 mutation frequency was 33%. A significant interaction between TP53 status, outcomes and nodal category was found (P = 0.0095). In the N1 category, TP53 wildtype patients had significantly better overall survival than TP53 mutated (81.0% vs. 62.0% overall survival at 5 years; HR = 2.131; 95% CI: 1.344-3.378; P = 0.0010). In the N2 category, the TP53 status did not affect survival (P = 0.4992). In TP53 wildtype patients, the prognostic significance of N category was significantly enhanced (P = 0.0002). In TP53 mutated patients, survival curves of N1 and N2 patients overlapped and nodal category was no longer prognostic. The biomarker TP53 independently predicted effect of adjuvant 5FU in N1 colon cancer patients. TP53 was not predictive in N2 patients, in whom 5FU is known to have no effect.
Introduction
Adjuvant chemotherapy is recommended for all patients with lymphnode positive colon cancer (Gill et al., 2004; Greene et al., 2002a) . For decades, 5-fluorouracil (5FU) was the only drug demonstrating meaningful activity in colorectal cancer and is still used in any modern adjuvant chemotherapy regimens for colon cancer (Chau and Cunningham, 2006) . At the beginning of this century, oxaliplatin, irinotecan, capecitabine, cetuximab, and bevacizumab became available. But the major, dramatic progress promised by new biological and targeted agents failed to emerge (Brenner et al., 2014; Cassidy et al., 2008; Saltz et al., 2008; Tol et al., 2009; Hecht et al., 2009 ). Still no drug shows greater single agent activity than 5FU. But it is general knowledge that treatment efficacy varies substantially among 5FU-treated patients of similar stage and baseline risk factors. The question why remained unanswered although it is burning since the early days of 5FU.
5FU induces DNA-damage in rapidly growing cells. It is generally accepted that wild type TP53 is responsible for apoptosis induction in response to DNA-damage. In more than 30% of colon cancers TP53 is mutated and apoptosis cannot be induced. However, clinical reports about the role of the TP53 status for response to adjuvant chemotherapy 
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The aim of this study was to evaluate whether and how the TP53 mutational status is linked to the varying efficacy of 5FU treatment in stage III colon cancer. For this purpose, we performed a retrospective biomarker analysis in a prospective randomized cohort of stage III colon cancer patients treated with adjuvant 5FU. The prospective randomized trial (ABCSG-90) was initially reported by the Austrian Breast and Colorectal Cancer Study Group (ABCSG) in 2005 (Schippinger et al., 2005) .
Materials and Methods

Patient Cohort
Between 1991 and 1999, 572 stage III colon cancer patients were recruited for ABCSG-90 in order to investigate the influence of adding levamisole (LEV) and/or interferon (INF) alpha to adjuvant fluorouracil. In 2005 the results of ABCSG-90 were published. It was reported that neither LEV nor INF improved the efficacy of adjuvant 5FU in stage III colon cancer (Schippinger et al., 2005) . Patient inclusion criteria were histologically proven lymph node positive carcinoma of the colon (stage III), age between 18 and 80 and curative resection. Rectal cancers were excluded.
Tumor Material
Formalin-fixed paraffin-embedded (FFPE) tissue samples of the surgical specimens from 389 patients were available for the retrospective TP53 biomarker analysis, corresponding to 70% of the original 572 study patients. The 389 analyzed patients were equally distributed between the randomized treatment arms of ABCSG-90.
Ethics
The retrospective biomarker analysis was approved by the local ethics committee of the Medical University of Vienna (EK 761/2008).
TP53 Sequencing
The mutational status of TP53 was assessed using DNA extracts from archived FFPE material from the surgical specimens. TP53-gene-specific Sanger sequencing was used for gene analysis. (MARK53gssx6, p53-gene-specific sequencing kit; Mark53 Ltd.; www.mark53.com; Vienna). Genetic variations in the TP53 gene were reported and interpreted according to recommendations of the Human Genome Variation Society (www.hgvs.org) (den Dunnen and Antonarakis, 2000) .
The reference genomic sequence used for TP53 was NM_000546.5 and U94788 (NCBI GenBank).
The functional activity of TP53 mutations was classified based on the overall transcriptional activity on eight different promoters as measured in yeast assays by Kato et al. (Kato et al., 2003; Petitjean et al., 2007) : TP53 mutants considered to have a median transcriptional activity N 75% were classified as wildtype for the calculation. A median transcriptional activity of b 75% was considered partially functional and was classified as mutant for calculation.
Statistical Methods
Continuous data are described by median, minimum, and maximum. Categorical data are described with absolute and relative frequencies. A chi-square test was used to assess for group differences for binary and nominal variables. For ordinal variables, a trend chi-square test was used. In the case of sparse data, Fisher's Exact test or exact chi-square tests were used.
The primary outcome measure was overall survival. Overall survival is defined as the time between the date of randomization until death from any cause or censored at last time known to be alive. Median follow-up time was calculated using the Kaplan-Meier method, in which deaths are censored for further follow-up. Survival probabilities were estimated by Kaplan-Meier graphs, and group differences were assessed by log-rank test. A Cox regression model was used to assess group differences by hazard ratios (HR) and corresponding 95% confidence intervals (CI). A Cox regression model was used to assess interactions between prognostic factors and TP53 mutation status. In the case of a significant interaction, separate subgroup analyses were performed. Multiple Cox regression models were fitted to assess the impact of TP53 on survival above that of standard prognostic factors.
Statistical calculations were performed with SAS® (SAS Institute Inc., Cary, NC, USA). All p-values are two-sided, and P ≤ 0.05 was considered statistically significant.
Colon cancers were classified according to the UICC/AJCC staging system (N1 = metastasis in one to three regional lymph nodes; N2 = metastasis to four or more regional lymph nodes) (Greene et al., 2002b) . No rectal cancers were included.
Results
TP53 sequencing analysis was successful in all 389 specimens. TP53 mutations were detected in 129 patients (33%). Mutations are characterized in Table 1 . Three mutants had a median transcriptional activity N 75% and were classified as wildtype for the calculation. Six mutants were only partially functional and were classified as mutant for calculation. Four mutations, though located in the introns, had a predicted effect on splicing and were classified as mutant (NNsplice 0.9, HSF_V2.3) (Petitjean et al., 2007) . Four silent mutations had a predicted effect on splicing and were classified as mutant. Seven patients had two mutations in the TP53 gene.
The prognostic covariates are shown in Table 2 . The frequency of TP53 mutations did not differ between nodal status (N1, N2; P = 0.187), tumor stages (IIIA, IIIB, IIIC; P = 0.445), or between the treatment arms of the ABCSG-90 (fluorouracil, fluorouracil + LEV, fluorouracil + INF, fluorouracil + LEV + INF; P = 0.148).
Median age was 63.3 years (min 20.2 and max 79.2 years). Median follow-up time was 88 months. The five-year overall survival of the analyzed 389 patients was 71.2%, which is comparable to five-year overall survival reported for the original cohort of the ABCSG-90, which included 572 patients.
Nodal Category Specific Interaction Between TP53 Status and Survival
Overall, TP53 wildtype patients performed better than TP53 mutant patients, but this difference was not significant (P = 0.0640). A significant interaction between TP53 status and lymph node categories was seen in Cox regression models (P = 0.0095) and justified the examination of the effect of TP53 status in the nodal categories N1 versus N2 separately.
In N1 patients, the five-year overall survival was 81.0% for TP53 wildtype patients compared to 62.0% in TP53 mutant patients (HR = 2.131 (95 % CI: 1.344-3.378); P = 0.0010) (Fig. 1A) . In N2 patients, the TP53 status did not affect the overall survival (P = 0.4992). The fiveyear overall survival was 66.3% for TP53 wildtype patients and 69.3% for mutant patients (HR = 0.834 (95% CI: 0.493-1.412)) (Fig. 1B) .
After adjustment for other prognostic factors, including sex, age as continuous variable, grading, therapy, and tumor location, the TP53 mutational status remained a significant factor for overall survival in N1 patients (HR = 1.886 (95% CI: 1.172-3.036) P = 0.0090). In N2 patients, TP53 remained a non-significant factor for overall survival.
As expected, N1 patients had a significant better survival than N2 patients (P = 0.0117) (Fig. 2) . In TP53 wildtype patients, discrimination between favorable and poor survival prognosis by nodal category was improved (P = 0.0002) (Fig. 3A) . In TP53 mutant patients, survival curves of N1 and N2 patients overlapped (P = 0.6393) and nodal category was no longer prognostic in TP53 mutant patients (Fig. 3B) .
Tumor-stage Specific Interaction of TP53 Status and Survival
The Cox regression models consistently showed a significant interaction between TP53 status and traditional tumor stage (P = 0.0374). Due to this significant interaction, the effect of TP53 status was also investigated separately in the different tumor stages (IIIA, IIIB, and IIIC). Age is given as median (minimum-maximum), other categorical variables are described with absolute frequencies and percentages.
In stage IIIA, the five-year survival for patients with wildtype TP53 was 91.3% versus 77.8% for TP53 mutant stage IIIA patients. The HR was 3.008 (95% CI: 0.598-15.128; P = 0.1609). Statistical significance was not reached due to the small number of stage IIIA patients (n = 32) and the small number of events (n = 6) in this subgroup.
In stage IIIB, the five-year survival for TP53 wildtype patients was 79.0% versus 60.1% for TP53 mutant patients (HR = 2.014 (95% CI: 1.246-3.258); P = 0.0036).
Stage IIIC was identical to N2, with no differential benefit in relation to TP53 status.
Factors evaluated in a multiple Cox regression model included sex, age, grading, therapy, and tumor location. After adjustment for the prognostic factors, the effect of TP53 on survival increased for stage IIIA patients (HR = 8.775 (95% CI: 0.608-126.619); P = 0.1108), although this was still non-significant due to the small numbers of patients and events as mentioned above. For stage IIIB patients, the effect of TP53 on survival remained significant (HR = 1.731 (95% CI: 1.048-2.859); P = 0.0321). For stage IIIC patients, TP53 still had no effect on survival (HR = 1.023 (95% CI: 0.584-1.791); P = 0.9379).
Discussion
Here we report the presence of a significant interaction between TP53 status and survival in stage III colon cancer patients treated with adjuvant 5FU. We found that adjuvant 5FU resulted in a marked survival benefit in TP53 wildtype N1 patients, while N1 patients with mutant TP53 performed as bad as N2 patients. The TP53 status independently predicted the effect of adjuvant 5FU on survival in N1 patients while there was no prediction of 5FU effect in N2 patients.
Colon cancer patients analyzed in this study were treated in the 1990s, when adjuvant 5FU was the standard of care in stage III colon cancer. In the meantime it was recognized that adjuvant 5FU alone is too week as chemotherapy at least for patients with advanced stage of disease (N2 disease). Our results reflect this clinical experience on a molecular level: TP53 predicted the effect of 5FU in N1 patients but not in N2 patients, in whom we do not await a therapeutic effect from 5FU alone. It makes sense that in the absence of a therapeutic effect, a predictive marker does not predict an effect.
Moreover, the here reported results support the hypothesis that TP53 is not a prognostic but purely predictive type of biomarker (Pilat et al., 2015) . A purely predictive marker is considered to affect survival only in the presence of a treatment. In the absence of a treatment or a treatment effect, a pure predictive marker will not interfere with survival (Pilat et al., 2015; Akiyama et al., 2014) . In N2 patients TP53 was not predictive for an effect of 5FU most likely because there is no effect of 5FU in these advanced patients.
TP53 has been intensively studied in colorectal cancer. Some currently unexplained findings of meta-analyses appear in a new light based upon our findings. For instance, it has been reported that alterations in the TP53 gene have little or no influence on survival in patients treated with surgery alone, but were associated with worse survival for patients treated with chemotherapy (Iacopetta, 2003) . This again supports our observation that TP53 is not a prognostic but a predictive biomarker, influencing survival only in the presence of effective chemotherapy, as mentioned above. Another meta-analysis including more than 18,000 patients was published 2005, when 5FU was standard adjuvant chemotherapy (Munro et al., 2005) . The analysis found "the adverse impact of abnormal TP53 to be greater in colon cancer patients with a lower baseline risk of dying". This is consistent with our finding that TP53 was predictive for the effect of 5FU in N1 patients but not in N2 patients.
The traditional T and N classification, originally developed in the 1950s, still provides the most important prognostic information in colon cancer and is guiding treatment decisions (Brenner et al., 2014; Denoix and Schwartz, 1959) . But in stage III colon cancer, prognostic inconsistency is a well-known phenomenon. By contrast to stage II, stage III patients usually are treated with adjuvant chemotherapy. Our IIIA/B patients with wildtype TP53 status experienced a marked benefit from adjuvant 5FU, resulting in survival rates, which are comparable to those of stage II colon cancer patients (Greene et al., 2002b; Gunderson et al., 2010) . A positive treatment effect occurred in TP53 wild type patients with stage IIIA/B but not IIIC as well as in wild type N1 but not in N2 patients. Therefore the prognostic significance of the N category shown in Fig. 2 appeared to be enhanced in TP53 wild type patients as demonstrated in Fig. 3A . Our TP53 mutated stage IIIA/B or N1 patients however, did as bad as our stage IIIC or N2 patients. Thus a negative treatment effect occurred in TP53 mutated N1 patients but not in N2 patients. Therefore N category was no longer prognostic in Fig. 1. (A,B) : Kaplan-Maier estimates of cumultative survival by TP53 status (A) in N1 patients (B) in N2 patients. TP53 mutated patients which represent 33% of stage III patients. We suggest that the TP53 marker status is linked to varying treatment effects, which are likely to cause prognostic inconsistency in low risk stage III colon cancer.
Biomarker research is complex in that proof of the clinical utility of a biomarker is crucially linked to the analytical validity of the respective biomarker-test. TP53 has not yet been recommended for clinical use as a marker. Thus demonstration of the validity of TP53 tests was not top of the list (Petersen et al., 2001; Munro et al., 2005; Roth et al., 2012) . Even though immunohistochemistry has been recognized as an insufficient method for indicating the presence of TP53 mutations, and even though sequencing has been generally accepted as the 'gold standard' for investigating the TP53 status, methodology is still far from being standardized. Various sequencing technologies and protocols are in use worldwide, and there is evidence for dramatic variations in the sensitivity and specificity of these methods (Petitjean et al., 2007; Edlund et al., 2012; Soussi et al., 2006) .
In recent years, we have identified numerous pitfalls while sequencing the TP53 gene. We believe that they arise from the special characteristics of the TP53 gene itself and its mutations, as well as from technical conditions such as FFPE material, low copy numbers of tumor DNA in biopsy material, or from the presence of normal cells in tumor material, to list only a few. Over the years, we developed a p53-gene-specific sequencing protocol to addressing these and other conditions in a stepwise fashion. We believe that this was a crucial step that allowed us to uncover the here reported interaction between TP53 and chemotherapy effect. Meanwhile, we proceeded to validating this standardized, TP53 gene-specific sequencing protocol in prospective biomarker trials (www.ClinicalTrials.gov; PANCHO NCT00525200, PART NCT02140723).
ABCSG-90 was a prospective randomized adjuvant colon cancer trial investigating the influence of adding levamisole (LEV) and/or interferon (INF) alpha to adjuvant fluorouracil. Tumor material from only 70% of patients from the ABCSG-90 was available for TP53 analysis in the here reported study. Thus study limitations may arise from incomplete analysis of the ABCSG-90 cohort as well as from the treatment combinations, which were investigated in ABCSG-90. However, we believe that random patient selection as well as different treatment effects is unlikely to bias our results: The ABCSG-90 reported no difference in survival among the investigated treatment arms. The patients included in the retrospective biomarker analysis were distributed equally among treatment arms as demonstrated in Table 2 . The TP53 mutations were also distributed equally among treatment arms as well as among tumor stages and lymph node categories. And finally the five-year overall survival of ABCSG-90 was comparable to the smaller cohort analyzed for the biomarker.
In conclusion, TP53 was found to be a strong, independent marker for predicting the effect of adjuvant 5FU chemotherapy in lymph node positive colon cancer patients.
We found that adjuvant 5FU resulted in a marked survival benefit in TP53 wildtype N1 patients, while TP53 mutated N1 patients performed as bad as N2 patients. The TP53 status independently predicted the effect of adjuvant 5FU on survival in N1 patients while there was no prediction of 5FU effect in N2 patients. The significant interaction between TP53 status, nodal category and treatment effect offers an explanation for the known prognostic inconsistency in stage III colon cancer patients. Further studies are needed to validate these findings.
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